We report experimental and theoretical evidence of a non-Rydberg molecular doubly excited state of Ca 2 involving excited molecular orbitals mixing 4p and 3d characters. The excitation spectrum of Ca 2 , carried by helium or argon clusters, is recorded experimentally in the range 25600-27800 cm −1 , displaying a bimodal structure. The latter is interpreted from ab initio calculation and analysis of the adiabatic states of Ca 2 up to doubly excited asymptotes Ca(4p3d 1 D)+Ca(4s 2 1 S) and Ca(4s3d 3 D)+Ca(4s4p 3 P), and the relevant dipole transition moments. The bimodal structure is assigned as resulting from the avoided crossing between adiabatic states 3 1 Π u and 4 1 Π u , reflecting the mixing of doubly excited configurations and absorbing singly excited configurations.
Introduction
An impressively large amount of spectroscopic data concern the photoexcitation and the photodissociation of diatomic molecules. This provides an important body of information on the electronic and spectral properties of molecules in addition to ab initio calculations which become more and more efficient. Cross-comparison constitutes a stringent way to interpret and assign the nature of the states, which is especially useful for high-lying states. Most experimental studies document states, whose main configuration is singly excited with respect to the ground state [1, 2] . Besides of alkali dimers, which can be considered as two-electron systems and which can receive almost exact valence treatment, accurate theoretical prediction of the energy of doubly excited molecular states is still delicate in ab initio calculations. Getting accurate spectroscopic information on these states is therefore especially important, but difficult to obtain. Doubly excited states are indeed vanishingly coupled to the ground state by single photon transitions, hence making spectroscopic investigations difficult. A way to circumvent this difficulty is to take advantage of the coupling between a doubly excited state and spectroscopically accessible states. Spin-orbit coupling may sometimes provide favorable cases. For instance valence double excitations involving fine structure within a given molecular configuration have been reported for most halogen pairs, such as for instance the I * ( 2 P 1/2 ) − I * ( 2 P 1/2 ) contact pair emission observed by Apkarian and coll. [3] . If we now consider actual electron configuration double excitations (not involving fine structure), a number of examples reported so far were concerned with quite large double excitation energies and the coupling used for spectroscopic purposes involved an autoionization channel. For instance, doubly excited states of molecules H 2 , N 2 and CO show up as resonances in their photoionization spectra [4, 5, 6] . In the context of ultracold collisions, doubly excited states of the Na 2 molecule link the association reaction between two Na(3p 2 P) atoms to the associative ionization forming Na + 2 [7, 8] .
A very different situation exists with metal atom dimers when the metal has an energetically low lying, high spin state, whose energy is less than half the ionization energy. When associating two such metal atoms, one (or several) bonded doubly excited state(s) may exist, whose energy is lower than that of the molecular ion. This situation is expected to be quite common with transition metals and lanthanides [9, 10, 11] , often characterized as mixed valence compounds especially challenging from the electronic structure point of view and their magnetic properties. A similar situation also occurs in alkaline-earth metals. In such case, investigations using the above mentioned spectroscopic studies are not possible, since no autoionization channel is opened. Such doubly excited states are spectroscopically almost "invisible" and can be observed only through configuration mixing with singly excited states of same symmetry, acquiring non-vanishing dipole transition moments. This type of situation has been predicted theoretically for Ba 2 , but not yet observed [12] .
The present work is both experimental and theoretical. The present experimental investigation of the calcium dimer spectroscopy is performed using a setup allowing for generation of molecules trapped both on argon clusters and on helium droplets. Such a setup can be used to investigate molecule-cluster interaction and cluster properties, but it is also a practical tool for molecular spectroscopy itself, especially when used with helium droplets, which is a goal in the present work. The pick up technique indeed favors molecule formation and even clustering on the cold, inert host cluster. It is complementary to isolated molecules studies. The set up is presented in section 2, together with the excitation spectrum in the range 25600-27800 cm −1 . The relevant potential curves and dipole moments are calculated in section 3. The interpretation of the experimental data via the calculated absorption spectrum is given in section 4.
2 Experimental : set up and excitation spectrum in the region 25600-27800 cm
The Ca 2 molecules are carried either by argon clusters or by helium droplets, using the Cluster Isolated Chemical Reaction technique [16, 17] . We chose this technique because of its flexibility, although direct supersonic expansion could be used to generate the Ca 2 molecules. The experiments are performed in the same spirit as those on the reaction dynamics of barium clusters [18] and on the spectroscopy of low lying electronic states of Ca 2 dimers [19] . Their principle is resolved in five steps: i) large argon clusters or helium droplets are generated in a supersonic expansion; ii) a controlled average number N of calcium atoms is deposited per cluster using the collisional pickup technique; iii) given the low temperature of the clusters (T=0.4 K for helium droplets [20] , 32 K for argon clusters [21] ), the calcium atoms associate together and form an aggregate; iv) the desired process, here the photodissociation of Ca 2 producing the luminescent Ca(4s4p 1 P) atom, is induced; v) the light emission of Ca(4s4p 1 P) is studied as a function of the wavelength of the laser that photodissociates Ca 2 , hence providing the action spectrum of the desired photodissociation process
The argon clusters are produced in a molecular beam source of the Camparguetype [22] . The supersonic expansion proceeds from a 20 bar stagnation pressure at room temperature through a 0.2 mm nozzle. It generates clusters with an average size of ≈ 2000 [23] . The source used to generate the helium droplets is a modified Campargue-type supersonic beam [22, 24] . Helium with a stagnation pressure of 7.5 bars is expanded through a 0.005 mm nozzle that is refrigerated down to 10 K. The size of the clusters is estimated to a few thousands [25] . The laser is tuned in the range 360-390 nm (25640-27780cm −1 ) resulting in a calcium emission that is recorded as a function of the laser wavelength. This emission cannot be due to a laser induced fluorescence signal of atomic calcium since the latter has no dipole-allowed line in this energy region. Indeed, beyond the atomic resonant line to 4s4p 1 P at 23652 cm −1 , the closest atomic levels [9] lie 4s5s 3,1 S at 31539 and 33000 cm −1 , both dipole-forbidden, and the next resonant line towards 4s5P 1 P lies at 37242 cm −1 .
Neither the helium droplet, nor the argon clusters are believed to exert such a large shift on the calcium levels. Hence, the observed emission is not caused by the absorption of the laser light by atomic calcium. Instead, we shall see below that it results from the absorption by the Ca 2 molecule followed by process 1. signal is related to a specific order of the Poisson laws, thus telling the exact number n of reactants responsible for the observed signal [16] . This was done in the argon cluster experiment. The total fluorescence intensity is plotted in Fig. 2 as a function of N.
As observed in the figure, the fluorescence signal follows the second order Poisson law, indicating that it is produced by clusters carrying two and only two calcium atoms. On a cold cluster (T=0.4 K for helium droplets [20] , 32 K for argon clusters [21] ) of finite size, such two atoms are likely to meet and combine rapidly. Hence the emission results from the excitation of a Ca 2 molecule, that has been stabilized on the cluster after the successive deposition of two calcium atoms. Alternatively, since only information on the dimer is desired, it is sufficient to adjust the Calcium cell temperature to keep N at a small enough value insuring that measured signals cannot be due to larger clusters [16] . This was done in the helium droplet experiment.
The observed emission was dispersed using the monochromator. It corresponds to the Ca(4s4p 1 P → 4s 2 1 S) emission. Hence, the spectra shown in Fig. 1 are the action spectra of process 1 when the Ca 2 molecule is carried either by a helium droplet or an argon cluster.
In the helium droplet experiment, the observed emission corresponds to the Ca(4s4p 1 P → 4s 2 1 S) transition of free calcium with no side band. This indicates that the photodissociation of Ca 2 ejects the electronically excited Ca atom off the droplet, with a 100%
probability. In contrast, a sidebands exist in the argon experiment. It is located to the red of the calcium resonance line, an indication that part of the departing Ca(4s4p 1 P) atoms stay solvated on the cluster. Hence, the desorption dynamics of Ca(4s4p 1 P) is different whether it interacts with an helium droplet or an argon cluster. This question, is beyond the scope of the present work.
3 Theory:
asymptotical limits were calculated. This corresponds to a wider electronic spectral range than available in previous calculations [26, 27] , and was necessary, due to the attractive character of some of those double excited states, as will be seen below. The relevant electronic spectrum of Ca 2 is investigated using ab initio calculations where the Ca 2 molecule is reduced to four active electrons via effective core pseudopotentials and core-polarisation pseudopotentials [28] (CPP). The excited states were obtained through the hybrid variational perturbative multi-reference MRPT2/configuration interaction scheme CIPSI [29] in its quasi-degenerate perturbation theory version, in order to treat consistently perturbative contributions in the vicinity of avoided crossings [30] . A 8s8p8d4f gaussian basis set has been used on each calcium atom. The average error on atomic transitions was found to be of the order of 250 cm −1 , with a maximal error of ∼450cm −1 . The present results for the lowest molecular states of Ca 2 , dissociating up to Ca(4s4P 1 D) + Ca(4s 2 ) are in general agreement with previous calculations [27] , in particular with those of Czuchaj et al. [26] realized with a similar methodology. A detailed discussion of the calculated potential curves for all symmetry manifolds will be given in a forthcoming publication [31] . It is repulsive, and contributes to two avoided crossings, the first one at R ≈ 10 a 0 , the second one at R ≈ 7.9 a 0 . Inspection of the electronic wavefunctions reveals that asymptotically, it is spanned by a mixing of σ u (4s) → π g (4p) and σ g (4s) → π u (4p)
configurations with equal weights. At shorter distance however, the weights of configurations with a hole in σ g (4s) decrease, while both 4p and 3d characters contribute to the two first excited molecular orbitals in each symmetry, due to the lower lying 1 D atomic asymptote. A second diabatic state correlates with the doubly excited Ca(4s4p 3 P) + Ca(4s4p 3 P) asymptote. It generates two avoided crossings, the one at R ≈ 10 a 0 already mentioned and one at R ≈ 7 a 0 , with a third diabatic state, characterized by a stronger and less localized coupling. The latter state has 4p3d doubly excited character. Asymptotically, the two states Ca(4s4p
(having simultaneous single excitations on both atoms) and Ca(4s 
Discussion
The ressemblance between the two action spectra, shown in Fig. 1 respectively for helium and argon droplets, is striking. This seems surprising given the Ca/Ar and Ca/He interactions are different [32, 33] . This must be related to the fact that, likely, the molecule is carried at the surface of either the argon cluster or the helium droplet.
In former theoretical and spectroscopic investigations, we have shown that a single 8
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Ca atom is located at the surface of the argon cluster [19, 34] , linked to the smaller dissociation energy of Ca-Ar and larger equilibrium distance with respect to Ar-Ar. In the case of helium droplets, early laser induced fluorescence of atomic calcium, in the vicinity of the Ca(4s4p 1 P ← 4s 2 1 S) resonance line, suggested a surface location for the calcium atom [35] . This was confirmed later by photoionization spectroscopy [36] . In helium droplets, quantum vibration dynamics must be considered in addition to comparison of the interactions. Recent calculations [37] close to the Franck-Condon region. In particular, the blue side of the experimentally recorded spectra can be assigned to the observation of a non-Rydberg doubly excited state, mediated by the coupling with a strongly absorbing singly excited state. This derives from the discussion above and is well illustrated in Fig. 3 . are not likely to significantly quench the dissociation. Nevertheless, it is not excluded that some flux is funneled to the lower molecular states 2 1 Π u and 1 1 Π u . Dissociation quenching could also be enhanced by the presence of the helium droplet or the argon cluster. Neglect of those processes might be an explanation for intensity discrepancies of the blue sideband in the experimental spectrum, as compared to that of the calculated spectrum. Non-adiabatic dynamical calculations including all the states and the interaction with the rare gas, which are beyond the scope of the present letter, should help to confirm this hypothesis. Work is in progress towards this goal.
The present investigation shows that doubly excited states play an essential role in the spectroscopy of Ca 2 in the energy range of 19000 to 27000 cm −1 . The spectrum is complicated by the occurrence of several types of doubly excited molecular states, either correlated with pairs of simultaneously singly excited atoms, or with one ground state atom and another one in a doubly excited state.
Importantly, helium clusters can also be used to accommodate reactive molecules in addition to Ca 2 molecules. The kind of electronic excitation that is performed in the present work would enable to study the reaction dynamics of non Rydberg doubly excited states of Ca 2 in a very direct way. To our knowledge, no such information is available yet, although investigation of reactivity within helium droplets is developing quickly [39, 40] . Signal intensity (arbitrary units) Figure 5 : Excitation spectrum of the action spectrum of process (1) in the helium experiment (solid line) compared to the theoretical absorption spectrum (dashed line) of Ca 2 . The two spectra are normalized with respect to their intensity. The theoretical spectrum is shifted 450 cm −1 to the blue.
